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- Preface

This paper was presented at the convention of the Arerican
Society of Civil Engineers in October 1959. It is based on work
sponsored by tne Office, Chief of Engineers, and was approved for

presentation by that office,
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PRELIMINARY STUDY OF STRESSES UNDER OFF-ROAD VERICLES

Jokr E. Green* and S. J. Knight**

INTRODUCTION
In 1955 the U. S. Amy Engineer Waterwvays Experiment Station was as-
signed the‘task of develoring que.ntitative' relations between moving vehicles
and soil which were to be used in designing military vehi;:les wvith improved

cross-couatry capability. This task was a natural extension of studies of the

trafficability of loilll that had been in progress at the Waterways Experiment

Station for several years. The trafficability studies were concerned with de-

termining the ability of soils to permit the passage of existing military ve-

'hiclu, and vere conducted on an empirical dbasis. From a review of the liter-

ature in conn.er:ti'on vith these studies, it was known that Mr. Richard C. Kerrt
bad done much toward solving the problem of movement of rubber-tired vehicles
on sands, and that Mr. M. G. Bekkertt was considering theories of vehicle
movement on all soils, and had performed considerable laboratory researéh.
Thus it appeared that the WES work should be concentrated on sof'i cohesive
soils, and that the studicsr should begin vitp the measﬁrement of stresses and
strains induced by vehicles in soft scils for comparison with existing the-
ories or perhaps for develomment of nev cn.es.

In order that a vekhicle can cross it, a soil must support the vehicle in

a vertical direction, i.e., must keep the vehicle from sinking too deeply, and

# Formerly engineer, Mobility Section, Army Mobility Research Center, Soils
Division, U. S. Amy Engineer Waterwvays Experiment Station, Vicksburg,
Miss., nov engineer, American Construction Company, Cleveland, Ohio.

#%  Engineer, Chief, Army Mobility Research Center, Soils Division, U. S. Army
Engineer Waterwvays Experiment Station, Vicksdburg, Miss.
t Geologist, Arabian-Anerican 01l Company (retired). Consulting engineer,

Nev York, N. Y.
tt Chief, land Locomotion Research Branch, Ordnance Tank-Automotive Command,

Detroit Arsenal, Michigan. 2 5 3 6 1
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must also provide sufficient resistance or friction in a horizc;ntal direction
for the vehicle's vheelé or tracks to develop a forwarci thrust,- or traction.

When rutting of the soil occurs, as often happers under cross-country traffie,
resistance to vehicle movement increases tecause the soil must bé ébmpacted or I
bulldozed aside. When the sinkage and %ulldozing effects .combined become too

great to be overcome by the traction forces, the vehicle becomes immobilized, -
even though,with the powerful engines of today, the vehicle is usually a:ble to

spin its wheels or tracks.

It is apparent that the problem is one of surface soils; therefore, it

is not necessarily one involving conventionzl soil mechanics, which for the
I ' most "p&rt deals with deeper soils. Surface soiis kave lower densities and can

sustain higher moisture contents than deeper soils. Tkus they are much weaker

than'the soils usually treated in convertioral soil mechanics problems. A ve-
hicle traveling on such a soil will sink appreciably, and the soil itself will
ST pove abprecialpl}. Strains in the coil near the vehic;le will often be of the
magnitude of several hLundred per cent.
Mea:.surement of the distribution of stresses in soft surface soils under
" dynamic loads, measurement of relatively great soil movements under such con-
ditions, and development of raticrel relaticrs btetwzen véhicle performance and
soil beh:;.vior so that designers may have useful tocls for improving: tke cross-
country capability of military vehicles are new areas in the field of soil
niechahics. While estting theories of soil mectanics will serve as a valuable
background, it is probable that new theories to explain a.pd predict the be-

havior of soft soils urder dynamic loads4 vill be developed in accomplishing

the assigned task.

v

_'. In its simplest concept, the problem 1s similar to. Bther engineering
problems in that it concerns the measuremeat and relation of stresses and

strains. The first step toward solving this problem was to odbtain
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quantitative data on stresses and strains from experiments conducted with ve-
hicles on soft soils. Stresses were measured at predetermined locations and
some conclusicns concerning the effects of speed and load, etc., were deduced
from the experiments.

This paper 'pre.sents an account of the preliminary research into this new
area of soil mechanics. It describes the test procedures used and the results
obtained. It is hoped that it will generate interest and encourage contx;ibu-
tions from others in this new field of resea'rch. The preliminary work is dis-

cussed under three headings, Pilot Study, Wheeled Vehicles, and Tracked

Vehicles.

PILOT STUDY

A pilot study was conducted to obtaih some practical experience in the
problem, and to begin develorment of testing techniquea.. It consisted of con-
structiob_or ;, test lane of heavy clay (CH in the Uni'fied'Soil Classification
System); application of traffic with a 2-1/2-ton truck vith tires inflated to

pressures of 15, 50, and 60 psi; measurement of stresses under static and

dynamic loads; and determination of soil conditions before and during the

tests.

" One of the specific aims of the pilot study wvas to find a device for re-
liadle meagurement of stresses under dynamic loads. In previous investiga-
tionla at the Waten;myn Experiment Statioca, & pressure cell designed to indi-
cate stresses in a s0il mass had deen found to perform with an acceptadle
degree of accuracy in firm soils and under static loads. - So it was necessary

to détermlne vhether the cell would also perform satisfactorily in soft soils

" and under moving loads. In the pilot study, several of these cells vere

placed at various offeets and depths in the test lane.
The cell, which is 6 in. in diameter and 1 in. thick, consists of a




eircular face plate velded at its perimeter to a thicker base plate (fig. 1)
and provided with a peripheral slot which forms a fl:xural joint between the
two plates. The thin cavity between the face plate and base plate',is £i1led
wvith mercury, so that pressure on the face plate is averaged and transmitted
by the mercury to an internal diaphragm formed by boring the dase plate from
the rear. The dlaphragm section thus provided responds to loading by in-
creased radial and tangential strains. Electrical strain gages affixed to the
rear .of this diaphrg.g;n undergo resistance changes proportional to the applied
load as a result of the strains induced in the diaphragn.3

The principal conclusion drawn from the pilot study was that the WES
pressure cell was satisfactory for further stress studles. This conclusioz;
;tas based on the finding that stresses measured undei: the tires of a truck 1n
a fairly soft soil were of about the same degree of accuracy'a.s stresses meas-
ured under statiec loads in firmer soils.h However, sinée the highest degree
of accuracy wé.s'bnly about 90 per cent, it was reconziendéd that other type{s of

pressure cells be tested as they became available.
WHEELED VEHICLES

A program of testing was conducted to obtain some knowledge of the dis-
tributioz; of stresses under a vheeled vehicle from pressure cells placed at
predetermined locations in the soil. For these tests, the Mi35, a 6x6,
2-1/2-ton military cargo truck equipped with 11.00-20 tires, vas operated on
prepared areas of fat clay and lean clay, and & natural area of lean clay.
(See fig. 2 for soil data,) Tire pressure and speed of vehicle were varied
in the study. Stresses induced by the truck were measured with three sensing
devices: the WES earth pressure (EP) cells previously described, WES fluid

pressure (FP) cells (sce fig. 3), and Consolidated Electrodynamics Corpora=-

tion (CEC) pressure pickups (see fig. L). The latter two devices, vhile
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- normally used in fluids, were included in the investigation to determine
vhether they could dbe reliadly used in very wet, soft soils.

The first test area consisted of 4 ft of prepared fat clay (CH under the

X Unified Soil Classification Sy ‘tem, locally termed "buckshot”) placed in 6-in,
1ifts. Water wvas added to each 1lift to attain the desired moisture content,
and each 1ift wvas compacted a specified amocunt. The second areca vas natural
ground (lean clay, CL) from vhich the vegets’ on had been removed. The third
area consisted of 2 ft of prepared lean clay (CL) that was placed at the de-
sired moisture content in 3-in. 1ifts. Pressure cells vere installed by

digging a hole at the desired lo.ation end to the desired depth, placing the

cell, and dackfilling the hole. Backfill materisl was placed and compacted by
hard, with efforts being made to attain a soil strength equal to that or the
adjacent soil.
In the tests shere rutting vas mticip;.ted, the truck wvas operated so
: that one line of truck vheels traveled in the cell areca and the other traveled
94n a guide path co.nsisting of two rows of 2- by k-in. phnko. placed on edge,
spaced the vidth of the tire apart, and tied down @th rods drivea into the
s0il. In the tests vhere no rutting wvas expected, a guide constructed of two
steel angle s.ctions vas used. Fig. S sbows the truck passing over the test
area vith the left wteels over the cell area and the right vheels in the chan-
nel formed Ly the two steel sections. 3
The first series of tests in this investigation vas conducted to d.etcr-
aine the effect of soil strength or consisteucy on the stresses induced in the
i 001l by the same load. The pressure cells vere similarly placed in doth fim
i end soft soil areas and an identical pattern of traffic wvas applied to each
i * area; hovever, deep rutting and excessive cell movement in the soft soil pre-
vented clear-cut comparisons, and results were inconclusive.

Pig. 6 pictures a representative pressure cell response as received on a
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direct-recording oscillograph. The pattern and magnitude of the stress in-
duced by each of the wheels on one side of the M135 are shown; they indicate
that the highest peak stress occurred under the rear tandem, while the lowest

peak stress occurred under the front tandem wheel. This order of magnitude of

~ peak stress agrees with the static axle loads of 5900, 5600, and 6100 1b for

the front, frqnt tandem, and rear ?:and_em‘axles, respectively. | It must dbe ad-
mitted, however, that all the recorded data were not é.s clear-cut as the data
shown in fig. 6. Inconsistent data have been attributed to any one or a com-
bination of several factors, such as variable path oi’- the vehicle due to guide
channel movement in the soft soii,'cell movement during the response .-period,
stress concentration or dispersion.d'ug to variable soil cc;nditions above and
adjacent to the cell, or improper cell seating: Measures will be taken to
eliminate or diminish the effects of these fa.cto'rg':ln future 1m’restigations.

The effect of tire infiation'pressure'or.x induced st‘resses was also in-
vestigated in a fairly sof't fat clay. Two pressures, 15 and 60 psi, were used
in the tests.‘ On the basis of 1imited comparisons, it was tentatively con-
glqded that tire inflation pressure'had ro significant effect on the maximum
stresses induced by the ML35 truck, at least below a dept.h‘of about 5 in., in
a soft clay. ' .

Pressure cells, embedded in the firm, lean clay area so that the faces
of the 'cells veré flush with the surface of the soil, were used to measure con-
tact pressures of the truck moving across the soil. Tire pressure was 15 psi.
Some of the pressures recorded in these tests showed complex patterns of preé-
sure distribution under the tire area, with point pressures varying from 10 to
60 psi. The general validity of the patterns was established by a later, more
closely controlled study of tire contact pressures. Pressure cell response
(£ig. 7) showed that the pressure decreased as the center of the tife ap-

proc ched and passed over the center of the cell; in other words, the leading

’
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end trailing edges of the tire‘induced'higher pressures than the interior por-
t;on. The tests also revealed that speeds ranging between 2 and 8 fps had no
discernible effect on the recorded maximum stresses.

While this preliminary investigation of the distridbution of stresses in-
duced in soft soils by a moving truck did not permit confident conclusions of
a general nature because of the usual pitfalls associated with the investiga-
tion of unknown phenomena, it was considered worthwhile in that it provid&d
experience in conducting rescarch of this nature. Such items as recognizing
(a) where emphasis should be placed to attain optimm effectiveness in future
tests, (b) the degree of control in soil preparation, cell installation, and
traffic application necessary for obtaining reliable data, and (c) the quan-
tity of data necessary to meet specific objectives are important from the

stendpoint of planning and conducting future research of this nature.
TRACKED VEHICLES

The tracked vehicle program was conducted to obtain general information

‘on the distridution of stresses and to coapare stresses under three vehicles,

an M29C (Weasel), a D-k engineer tractor, and a D-7 engineer tractor. Two
prepared.areas of fat clay (buckshot)--one soft, tke otter fairly soft--were
constrﬂctéd as for the tests with wvheeled vehicles, vith the EP, FP, and CEC
cells installed at predetermined depths and offsets immediately after con-
struction. Speed, load, and direction of the moving vehicle vere varied
during the testing.

The first test was conducted with the M29C trafficking the fairly soft
area under five different conditions: (a) slowv speed (approximately 2 fps),
no added load; (b) fast specd (approximately 9 fps), no added load; (c) slov
and fast speeds, 500-1b added load; (4) slov and fast speeds, 1000-1b saded

load; and (e) backing, 1000-1b added load. Early in the test it was noted

e —
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that tie recorded stress patteml' showed that higker stresses occurred beneath
the individual bogies than under other areas of the track (fig. 8). Fig. 8
also shovs that the second and seventh bogies (as” nuzbered from front to rear)
induced consideradbly higher stresses (at the same depth in the soil) than any
of the others and that the first and eighth bogies induced the lowest stresses.
The unusual stress pattern was attributed to a combination of the flexidbility
of the track and the track teasion: the former allowed the bogies to transmit
most of their load vithout distriduting it along the track, vhile the latter,
in conjunction with the suspension design, caused a portion of the load on the
end b&giu to be transferred to their adAJo.cent bogies.

The suspension system of the M29C consists of four transverse springs
fastened to the dottom of the hull and & bogie spring suspension yoke fastened
to doth ends of each tra;xsvcru spring. The yoke supports a' bogie support
arm, on each end of vhich tke two bogies are mounted; in other words, it is a
spring suspension systea with bogies mounted in pairs. With this system, if
oée of the bogies cannot carry allo its load, the 'portion that it cannot sup-
port is transferred to the other dogie. The track tension causes & lifting
force on the two end bogies. This action, in turn, causes s.ome of the load
carried by the end bogies to de transferred to tkheir adjacent bogies. The net
result is indicated by the stress pattern in fig. 8.

Qualitative mlﬁio of the maximum stresses induced by the bogies has
indicated soze of the effects of the various operating c.:onditions.' It was
found that the major portion of load sdded to the M29C was transmitted to the
bogies inducing the lower stresses, so that vhile total stresses were in-
creased, the soil vas not sudbjected to significantly higher maximum stresses.
Proa these data 1t vas concluded that loads up to at least 1000 1b (the limit
of this study) can be carried by the M23C without seriously impairing the

capadility of the vchicle to crcss soft soil.

:
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‘It has bzen mentioned that the second and seventh bogies induced higher
stresses than did the other bogies when the M29C was moving forvard. As
fig. 8 shows, the sevent). bogie induced a higher stress than the second, dut
vhen ihe vehicle traveled in reverse, the action wvas changed, i.e., the second
bogie induced a higher stress tban the seventk: with both still transmitting
kigher stresses than the other bdogies. Ttus, regardless of the dinctiox; of
travel, the second bogie to pass a given poirt induced the second highest
stress wvhile the seventh bogie induced the highest st.rcu. This indicates
that the effective load distribution is not static dbut is apparently dependent
upon the dirgction of travel.

The attempt to determine ‘the effect of speed on stresses induced by the
M29C was only partially successful. The relatively fast passes of the vehicle
indicated that (a) somewhat higher stresses vsrc induced th:nn occurred at
slover speeds, and (b) the increase in stress due to speed decreased vith
deptl{ of soil. These findings vere tempered somevhat by the data obtained
vhen the loaded vehicle (both 500 and 1000 1b) wvas operated et faster speeds
for two pmcés of each load. These latter data 41d no® indicate a general
trend of higher stresees for faster moticrn, so thet it vas difficult to form
definite conclusions on the basis of the coatradictory data. It can only bde
stated that there seems to be a trend of higher stresses at faster speeds, dut
verifying tests must de conducted.

The pressure cell responses received as the D-4 and D-7 engineer trac-
tors moved over the test areas vere quite differeat from thoece of the M29C
tests. In the latter tests, the well-sprung dogles vere definitely respon-
sible for the transmission of peak stresses to the soil dut, vhile the stress
patterns beneath the D-b and D-7 tractors showed peaks, they vere less pro-
nounced and there wvas no correlation of the peak stresses vith track roller

positions. (See fig. 9 for typical stress pattern.) The bogies of the D-b
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and D-7 tractors are unsprung and attached to a rigid frame, end the track it-
self is very rigid. The patterns obtained in this test were similar to those
obtained with a comparable track assembly tested by the National 'fillage
Machinery Laboratory at Auburn, l\le.ba.ma.5 The NTML concluded that the major
portion of the étress pattern vibration was due to the rise and fall of the
polygon drive sprocket on the chain and the change in acceleration of the
track caused by the drive sprocket. This expla.x.mation wvas tentatively accepted
by 'WES. '

The soft soil on vwhich these tests were conducted allowed cell movement
under the application of traffic. The cell movement indicated the direction
in which the soil was moved. From the cell mov.ement, it was determined that
the soil moved laterally away from both s?des of the longitudinz;.l center line
of the track and, also, in a direction opposite to that of the traffic move-
ment. Under the heavier loé.ds of the D-T7 tractor, disfiqct upward movemeats
of the soil occurred near or beyond the edge of the track. .

Only genéral information in regard to the stress picture beneath the
moving engineer tractors has been obtainable from the data taken during these
tests. In m;my of the tests the stresses measured duringj the first few passes
were quite different from those measured later in the test. In the majority
of cé.ses , this was attributed to the nature of the cell installation process
described earlier in thé paper. The fact that the soil had been backfilled
around and above the cells and compacted dby hand, allowed different installa-
tions to have differenf degrees of compacticn which in turn could have caused
concentration or dispersion of stresses during the first few pé.sses. Stress
data obtained after the first few passes appeared to be somewhat more con-
sistent, probably because the soll around the cells had been compacted to ap-
proximately the same degree and the cells were much better seated in the soil.

The adequacy of the data for a rigorous analysis was also influenced by the
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801l and cell movement which caused variable conditions for different passes,
particularly in regard to the distance between the load and the cell and the
tilt of the cell. Despite the uncertain nature of the data, significant
qualitative information on stresses induced by the engineer tractors was ob-
taiﬁed from the test programs, and will be used to guide future investiga-
tions. '

. Some general trends indicated by this latter portion of the investiga-
tion are: the highest stresses were measured beneath the lateral center of
the track with the stress decreasing with increasing distance away from the i
center; directly beneath the center of the track and at an approximate depth
of 9 in., the horizontal'étresses wvere about 70 per cent of the vertical
stresses; and fihally, at offsets of 6 to 12 in. from the track center and at
an gpproxima@g depth of 9 in., the horizontal and vertical stresses were of

the same order of magnitude at the same point.

SUMMATION | ]

This study, which was very limited in scope, is the first step taken by
the Waterways Experiment Station toward solving the problems of developing
vehicle-soil relations which may be of value to the designer of vehicles from
an off-road standpoint. The greatest value of this in.estigation lieé in pro-
viding information regarding test éechniqnes for use in more comprehensive
research programs in the future. Some information, mainly of a qnalitative'

nature, wvas obtained which shows decided trends of pressure distridution in

soft solls beneath the tires or tracks of the vehicles tested.
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